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GroEL±Substrate Interactions: Minireview
Molding the Fold,
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on cryo±electron microscopy images of GroEL±sub-
strate complexes (Chen et al., 1994) and mutagenesis
results (Fenton et al., 1994). One peptide (SBP, sequence
SWMTTPWGFLHP) was chosen for crystallization be-
cause of its high affinity for the GroEL apical domain
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(Kd in the low micromolar range). As a first step, Chen
and Sigler formed cocrystals of the SBP peptide and the
isolated apical domain of GroEL (residues 191±336), andMolecular chaperones ensure that proteins achieve and
solved this structure at high resolution (2.1 AÊ , see Figuremaintain their proper folds in the appropriate cellular
2a). They have also solved and partially refined a struc-compartments. Among this fascinating class of biologi-
ture of the SBP peptide complexed with the intact GroELcal helpers, chaperonins have emerged as magical fold-
tetradecamer. It is exciting that we now have atomicing machines found in the prokaryotic and eukaryotic
resolution images of GroEL binding to an oligopeptidecytosol (GroEL/ES and TriC, respectively) as well as in
designed to mimic a substrate. However, as a cautionarychloroplasts (cpn60/cpn10) and mitochondria (hsp60/
note, it is important to keep in mind that a single peptidehsp10). Extensive biochemical and structural work
model like SBP can not represent the scope and variety(Netzer and Hartl, 1998; Sigler et al., 1998) has revealed
of protein substrate interactions with GroEL.mechanistic details for the function of the paradigm
A Flexible Peptide-Binding GrooveE. coli chaperonin, GroEL, which acts with its partner
When bound to the GroEL apical domain, the SBP pep-cochaperonin GroES as a two-stroke, ATP-regulated
tide forms a b hairpin structure and is nestled in a hy-folding machine (Figure 1). The full GroEL tetradecamer
drophobic groove between helices H and I of the apicalforms two back-to-back rings, each with seven subunits,
domain (Figures 2a and 2b). Significantly, this is thewhich encapsulate two internal cavities where substrate
same site that is occupied by the GroES mobile loopproteins are sequestered. The current view is that fold-
regions (Landry et al., 1993) in the structure of the GroEL/ing is facilitated both because the protein substrate is
GroES complex (Xu et al., 1997). It is also the sameisolated from other cellular constituents, essentially at
site that was observed in an earlier crystal structure ofinfinite dilution, and because GroEL binding can unfold
isolated GroEL apical domain to bind a seven-residueor partially unfold kinetically trapped intermediates and
N-terminal epitope tag from an adjacent molecule in thegive them a fresh start in folding.
However, two of the most intriguing aspects of GroEL
function have proved difficult to elucidate: the structural
details that explain how a multitude of different sub-
strates bind to the chaperonin, and the identity of the
in vivo substrates of this highly abundant molecule. The
first aspect has been intractable because of the difficulty
of obtaining high-resolution structural data for a com-
plex of a substrate and GroEL. Substrates bound to
GroEL are highly unstructured, and this might account for
the lack of success to date in crystallization of GroEL±
substrate complexes. In vivo substrates of GroEL have
been difficult to identify because GroEL is essential for
cell viability and because isolating such transient com-
plexes is technically challenging.
Recent papers have now shed light on these two
Figure 1. The GroEL Tetradecamer, Represented Here in a Longitu-
poorly understood yet related issues, and enhanced our dinal Cut-Away View, Consists of Two Rings Stacked Back-to-Back,
understanding of GroEL structure±function, while at the Each Containing Seven Subunits
same time framing new questions for future work. Pre- The apical, intermediate, and equatorial domains of each subunit are
viously, the Horwich and Sigler laboratories at Yale pro- shown in yellow, green, and purple, respectively. GroEL-mediated
folding in vitro involves each of the two rings of the GroEL tetra-vided us with our first glimpses of the GroEL tetradeca-
decamer alternately in consecutive steps represented in sequencemer, the GroEL-ATPgS complex, and the full GroEL/
on the uppermost ring: (1) hydrophobically mediated, high-affinityGroES/(ADP)7 particle (see Xu et al., 1997 and references substrate (blue) binding to an empty ring, (2) binding of ATP and
therein). Now the Sigler laboratory has set out to deter- GroES, which releases substrate into the hydrophilic cavity of the
mine the atomic resolution details of substrate binding cis complex (or Anfinsen cage), (3) ATP hydrolysis, which serves as
by crystallizing a model peptide with GroEL (Chen and a timing mechanism that potentiates release of GroES and substrate
from the chaperonin, and (4) disassembly of the cis complex withSigler, 1999). To obtain a stable complex, they had to
concomitant ATP-driven assembly of a new cis complex on theidentify a model peptide that could bind with sufficient
opposing ring. Substrates that do not fold properly in a single roundaffinity to create uniform and readily crystallized com-
are released to solvent, but can rebind to GroEL for another try.
plexes. Using phage-display methods, they found a set There is intra-ring allostery, which favors saturation of one ring with
of dodecamer peptides that bind to the GroEL apical ATP, and inter-ring negative allostery, which promotes the next step
in the cycle in the opposing ring.domain, which is known to interact with substrate based
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residue and the Asn265 side chain of the apical domain.
Chen and Sigler tested isolated peptides corresponding
to the GroES mobile loop and the N-terminal epitope
tag sequence for binding to the apical domain, but were
barely able to detect any binding in their fluorescence
anisotropy assay. Presumably the presentation of these
sequences as a stereochemically matched and multiva-
lent oligomer (GroES), or structurally constrained in crys-
talline form (N-terminal epitope tag), confers an entropic
advantage and thus enhances their apparent affinity.
It is reasonable to question whether the site that binds
SBP and the N-terminal epitope tag is truly the sub-
strate-binding site or whether these sequences are
merely mimicking the GroES mobile loop. A loose argu-
ment can be formulated that supports the former inter-
pretation, based on a number of studies that have local-
ized both the GroES and substrate-binding sites to the
region including helices H and I. First, an extensive muta-
tional analysis several years ago (Fenton et al., 1994)
showed that residues whose mutation diminished bind-
ing to denatured ornithine transcarbamylase were largely
hydrophobic and formed a patch on the inner surface
of the apical domain (Figure 2c). In almost every case,
Figure 2. The Peptide-Binding Site of the GroEL Apical Domain mutations that impaired substrate binding also reduced
(a) The SBP peptide (cyan)±apical domain (green) structure (Chen GroES binding, suggesting overlap of the two binding
and Sigler, 1999). (b) Residues of the GroEL apical domain that sites. Two puzzling exceptions in the apical domain
come within 4 AÊ of the b hairpin SBP peptide are highlighted in were S201A, which decreased substrate binding but
purple. (c) Sites of GroEL mutations that diminish binding to a dena-
not GroES binding, and N265A, which reduced GroEStured substrate (Fenton et al., 1994) are indicated in orange. (d) Sites
interactions but left substrate binding unaffected. Pro-in the apical domain where an attached fluorophore senses binding
vocatively, as mentioned above, Asn265 forms hydro-of denatured protein substrates (Tanaka and Fersht, 1999) are illus-
trated in red, and residues that undergo NMR chemical shift changes gen bonds to all three ligands seen so far at high resolu-
when a helical peptide binds (Kobayashi et al., 1999) are highlighted tion, so either Asn265 does not interact with every
in yellow. Coordinates kindly provided by the Sigler laboratory. substrate, or these ligands are indeed mimicking the
GroES mobile loop. Second, two recent papers from
the Fersht group have identified residues in the apicallattice (Buckle et al., 1997). The SBP peptide is bound
domain that are sensitive to binding of substrate. One
via interaction of three of its hydrophobic side chains
study (Tanaka and Fersht, 1999) measured the sensitiv-
(Trp7, Phe9, and Leu10) with pockets in the binding site,
ity of discrete fluorescent labels in the isolated apical
as well as a number of hydrogen bonds between polar
domain to the binding of reduced a-lactalbumin and pH-
side chains in the apical domain and the SBP backbone. denatured pepsin. The other study (Kobayashi et al.,
Furthermore, the N and C termini of the peptide are 1999) monitored perturbation of apical domain NMR
oriented in such a way that in the context of the full- chemical shifts by a peptide derived from mitochondrial
length GroEL tetradecamer they would point toward the rhodanese. Using both methods, residues within and
central cavity, as would be expected if the bound se- near helices H and I are sensitive to binding of substrates
quences were part of a larger substrate protein. Based (Figure 2d). Finally, the limited sequence homology be-
on the partially refined structure of SBP in complex with tween the SBP peptide, the N-terminal epitope tag, and
full-length GroEL, the authors contend that the SBP- the GroES mobile loop suggests that the groove be-
apical domain structure faithfully reflects the binding of tween helices H and I is capable of accommodating
SBP to the GroEL tetradecamer. many amino acid sequences, which is an anticipated
By far the most surprising element of peptide interac- feature of the GroEL substrate-binding site. In general,
tions with the GroEL apical domain is the structural overlap of the GroES mobile loop and the substrate-
similarity in all three bound moieties despite their se- binding site fits with the current mechanistic model for
quence variability (SBP, SWMTTPWGFLHP; GroES mo- substrate release, because outward rotation of the
bile loop, ETKSAGGIVLTGS; N-terminal epitope tag, GroEL apical domains upon GroES mobile loop binding
GLVPRGS). SBP binds in a b hairpin structure almost to the groove between helices H and I would sequester
identical to that of the GroES mobile loop (Landry et al., the substrate-binding site in a way that precludes sub-
1993; Xu et al., 1997; Chen and Sigler, 1999), and the strate interaction. On the other hand, it is puzzling that
N-terminal epitope tag from a neighboring molecule several studies have found preferences for amphipathic
binds in an extended conformation (Buckle et al., 1997), helical structure in peptides bound to GroEL (see below).
which closely mimics the C-terminal half of the GroES Nevertheless, in the absence of direct functional data
mobile loop or the SBP peptide. In all three bound li- showing release of SBP from the GroEL tetradecamer
gands, the sequences bind with the same N±C polarity, when ATP or polypeptide substrate is added, the nag-
hydrophobic side chains are buried, and two hydrogen ging question remains of whether SBP and the N-terminal
epitope tag are true models for a polypeptide substrate.bonds are made between the backbone of a central
Minireview
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Perhaps the most satisfying attribute of this potential folding and in vivo function. Relatively few in vivo sub-
strates of GroEL have been established definitively. Esti-substrate-binding site is its inherent flexibility in the ab-
sence of substrate or GroES. Chen and Sigler crystal- mates of the number of E. coli proteins that are GroEL
substrates under nonstressed conditions varied fromlized an empty apical domain for comparison to their
SBP-bound structure. In these crystals, the two mole- ,5% (Lorimer, 1996) to 15% (Ewalt et al., 1997). A re-
cently published study from Hartl's lab now proposescules of the asymmetric unit differ primarily in four
regions, including residues 207±211, 301±311, and heli- a description of the ªtypicalº GroEL substrate in vivo
(Houry et al., 1999). In this study, newly synthesized E.ces H and I. Indeed, in every structure solved to date
with no polypeptide bound (Zahn et al., 1996; Sigler coli proteins were labeled by varying lengths of [35S]-
methionine pulse-chase. By blocking substrate releaseet al., 1998), the conformation of this region is subtly
different, suggesting a binding site with sufficient plas- from GroEL through treatment with EDTA during cell
lysis, these researchers were able to immunoprecipitateticity to recognize a variety of ligands. Intriguingly, this
site appears to assume a single conformation upon the chaperonin in complex with bound substrates. EDTA
chelation of magnesium disrupts GroEL/GroES associa-binding of each ligand: the regions that have variable
conformations without polypeptide bound are identi- tion and removes nucleotides (either ATP or ADP) from
the GroEL pool. Nucleotide-free GroEL has high affinitycally structured in all four molecules of the asymmetric
unit in the SBP-apical domain crystals. Furthermore, the for substrates, thus enabling isolation of GroEL±sub-
strate complexes. A concern with this procedure is theconformation of the binding pocket is unique depending
on the particular ligand, as there are subtle differences fact that GroEL would rarely occur in the nucleotide-free
state under physiological conditions. Hence, binding toin the binding site structure when SBP, the GroES mobile
loop, or the N-terminal epitope tag from an adjacent some substrates could have occurred during lysis. Addi-
tionally, the authors have not yet determined how de-molecule are bound. These observations suggest a
binding site that is capable of molding to fit a variety of pendent any of the observed substrates are on the
GroEL/GroES/ATP system for folding. Nonetheless, it ispolypeptide shapes. In this context, it is important to
note that the high overall mobility of the apical domain striking that two-dimensional gels showed a remarkably
simple pattern of GroEL substrates regardless of thehas been a troublesome feature for earlier structure de-
terminations of full-length GroEL without GroES bound conditions of the pulse chase, with approximately 10%
of the 2500 E. coli cytoplasmic proteins represented. The(Sigler et al., 1998). It will be interesting to see whether
the final refinement of the full-length GroEL-SBP struc- authors then attempted to identify common properties
among the highly represented substrates in their iso-ture shows the apical domain mobility to be reduced to
the same level as the rest of GroEL when SBP is bound. lated GroEL complexes. They found that the pIs of the
GroEL-associated proteins were indistinguishable fromConformations Assumed by Bound Ligands
The fact that every bound ligand imaged at high resolu- those of cytoplasmic proteins in general, but that there
was a bias in the molecular weight distribution, withtion binds in a similar, extended fashion raises the ques-
tion of how helical substrates can be accommodated in fewer small proteins (,20 kDa) and most between 20
kDa and 60 kDa in Mr. The substrates fell into threethis binding site. Numerous studies have indicated very
clearly that GroEL can bind helices strongly (Brazil et al., groups: one set that transiently interacted with GroEL
and was completely released during chase times of 201997; Preuss et al., 1999), although a helical backbone
conformation was found not to be essential for binding s to 2 min, a second set for which most of the population
behaved like the former group but a fraction of the popu-(Wang et al., 1999). Intriguingly, the binding of a helical
rhodanese peptide to the apical domain perturbs a lation of each protein remained associated with GroEL
regardless of the length of the chase, and a third set (allslightly different subset of residues (Kobayashi et al.,
1999) than are contacted by the b hairpin SBP peptide of Mr over 60 kDa) that were released very inefficiently.
Proteins in the third group exceed the size capacity of(compare Figures 2b and 2d). It is possible that helical
sequences exploit a different mode of binding from that the GroES-enclosed GroEL cavity, and are not released
from GroEL upon GroES/ATP addition. The authors sug-seen in high-resolution structures to date.
What makes a polypeptide a good substrate for bind- gest that these proteins, which comprise z6% of GroEL
substrates, represent ªdead-end species.º However, ifing to GroEL? We know that hydrophobicity is crucial
for both protein substrates and peptide models. Recent this were the case, these proteins would deplete GroEL
from the cell, which seems physiologically unlikely. Thiswork argues that affinity for GroEL is greatest for peptide
substrates that are capable of presenting an uninter- particular result is perplexing, but perhaps these pro-
teins represent cellular components that are typicallyrupted hydrophobic face (Preuss et al., 1999; Wang et
al., 1999). Implicit in all of the peptide studies is the idea kept separate from GroEL in vivo, or become bound
during cell lysis. The authors propose that, in additionthat these model substrates are unstructured free in
solution, but are molded to adopt a specific conforma- to folding nascent proteins, GroEL also plays a role in
maintaining the native structures of some proteins.tion with maximal amphipathicity upon GroEL binding
(Chen and Sigler, 1999; Kobayashi et al., 1999; Wang et These proteins remained partially associated with GroEL
even after long chase periods, but could be releasedal., 1999). This indicates that GroEL is capable of induc-
ing secondary structure in a bound substrate, which from GroEL upon addition of GroES and ATP. Intrigu-
ingly, their association with GroEL was increased rela-might allow GroEL to influence the folding pathway of
its protein substrates. tive to other substrates upon heat shock stress. The
authors interpreted these data to indicate that this groupSubstrates In Vivo
The other missing link in past work on GroEL was a of proteins is relatively unstable, and requires cycling
through GroEL to maintain native structure.clear relationship between in vitro activity in facilitating
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Fifty-two of the GroEL-associated proteins were iden- multiple apical domains are combined to present more
tified by mass spectrometry. No consensus sequences extensive binding surfaces, which could recognize
were found among any of these 52 proteins; this result larger features such as surfaces of partially formed b
meshes well with the conclusions from the model pep- sheets. In focusing on the binding of a peptide model,
tide studies discussed above. To explore whether there we might be missing the full extent of the substrate-
were particular structural types that relied more heavily binding site. The view we have of a model peptide bound
on GroEL for their folding, those proteins among the 52 to GroEL might reflect a more unfolded form of bound
that had known structures, or homologs with known substrate. It is possible that molten globule-like sub-
structures, were examined using domain classification strates bind initially through larger surfaces, but become
methods. The 24 proteins that could be analyzed in this less folded by structural rearrangement. If the more un-
way were representative of the larger set in terms of folded chains bind with higher affinity in the manner
their sizes and predicted secondary structures, lending illustrated by the SBP-GroEL complex, this could explain
credence to the striking observation that this group was the driving force behind GroEL's unfolding activity. As
enriched in one particular tertiary arrangement, the ab noted above, no helical substrate bound to GroEL has
fold. The proteins in this general structural category yet been seen at atomic resolution. Do helices exploit
feature b sheets that are flanked on one or both faces a new mode of binding? Could the folding of ab proteins
by a helices. The most highly represented topologies be facilitated by induction of helices upon GroEL binding
were those containing multiple ab domains, and in par- (Brazil et al., 1997; Preuss et al., 1999) and stabilization
ticular those with three-layer aba and two-layer ab sand- of the sheets by binding to multiple apical domains to-
wiches. As the authors speculate, the class of proteins gether, which then could lead to a productive union of
containing ab domains might be prone to misfolding for the two regions upon substrate release? This type of
a variety of reasons. Folding to b sheet topology is more model invokes a much more active and structurally spe-
complex than helix formation because of the necessity cific role for the chaperonin than previously envisioned.
to form interactions between residues that are distant Future work should be aimed at addressing these impor-
in sequence; thus sheets might fold slowly (Capaldi and tant mechanistic issues.
Radford, 1998). Furthermore, nascent b sheets aggre-
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